The Vibrio cholerae biotype 'El Tor' is responsible for all current epidemic and endemic 12 cholera outbreaks worldwide. These outbreaks are clonal and are hypothesized to originate from 13 the coastal areas near the Bay of Bengal where the lytic bacteriophage ICP1 specifically preys upon 14 these pathogenic outbreak strains. ICP1 has also been the dominant bacteriophage found in 15 cholera patient stool since 2001. However, little is known about its genomic differences between 16 ICP1 strains collected over time. Here we elucidate the pan-genome and phylogeny of ICP1 strains 17 by aligning, annotating and analyzing the genomes of 19 distinct isolates collected between 2001 18 and 2012. Our results reveal that ICP1 isolates are highly conserved and possess a large 19 core-genome as well as a smaller, somewhat flexible accessory-genome. Despite its overall 20 conservation, ICP1 strains have managed to acquire a number of unknown genes as well as a 21 CRISPR-Cas system, which is known to be critical for its ongoing struggle for co-evolutionary 22 dominance over its host. This study describes a foundation on which to construct future molecular 23 and bioinformatic studies of this V. cholerae-associated bacteriophages. 24 25 phage 26 27 42 environment where they can outnumber their prokaryotic hosts by several orders of magnitude [8].
Introduction

28
Vibrio cholerae is a globally-distributed bacterium and the causal agent of the disease cholera, a 29 potentially severe intestinal illness that affects ~1-5 million people resulting in up to ~140,000 deaths 30 annually [1] . The current (seventh) pandemic is comprised of V. cholerae biotype 'El Tor' 31 (predominantly serotype O1) and is responsible for current endemic and epidemic disease [2] .
32
Epidemic disease outbreaks sweep the globe periodically and have been traced back to a single 33 lineage that has emerged from the Bay of Bengal region in multiple waves over the last half-century 34 [3] . Despite the overall genetic heterogeneity of this lineage, in which individual outbreaks are 35 nearly always clonal [4] , there is an abundance of subtle variation and horizontal transfer that has 36 been observed between outbreaks over time [5, 6] . It is hypothesized that the Bay of Bengal serves as 37 a reservoir where El Tor strains circulate throughout the year exchanging genetic material and 38 undergoing ecological selection before infiltrating coastal communities. They are subsequently 39 transported by infected individuals to larger cities where they can be transmitted globally [5, 7] . This 40 mechanism is thought to create a bottleneck for strains and result in the clonality of outbreaks.
41
Bacteriophage, viruses that uniquely infect bacteria, are extremely abundant in the 
183
Despite their occurrence across all genomes in this study, the core-genome ORFs were not all 184 equally conserved at the sequence level. By comparing average pairwise nucleotide and amino acid 185 sequence identity, we were able to resolve the core ORFs into three distinct groups: conserved-core,
186
synonymous-core and divergent-core ( Figure 4 ). The conserved-core was comprised of 49 ORFs 187 that shared perfect sequence identity among all the genomic sequences. Correspondingly, they 188 shared identical amino acid sequence identity. The synonymous-core included 26 ORFs that 7 of 11 possessed a small amount of nucleotide diversity between genomes, but all mutations were silent, 190 and the amino acid primary structure was therefore identical. Finally, the divergent-core contained 191 the remaining 110 ORFs which were diverse in both nucleotide and amino acid pairwise identity.
192
These divergent ORFs encompassed a range pairwise identity similarities from 99.97% to 91.57% at 193 the nucleotide level and 99.98% to 91.83% for amino acid sequences (Table S1 ). The degree of 194 pairwise identity difference was not correlated with an ORF's sequence length (Figure 4 ). 
203
The accessory ORFs were distributed among all 19 genomes in a complex manner (Table S2) 204 and grouped into 15 levels of occurrence. These ranged from occurrences in 18 genomes (n=12) to 205 singletons (n=14) ( Figure 3 ) with several patterns of accessory ORF co-occurrence ( 
212
The majority of ORFs in both the core and accessory genomes were classified as 213 hypothetical due to a lack of an informative BLAST identification. Only 18 of the core ORFs
214
(9.7%) currently had a predicted function, two in the conserved-core, three in the with a putative or known function (Table S2 ). The NCBI conserved domain search identified 18 217 additional core-genome ORFs and 11 accessory-genome ORFs that shared at least partial amino 218 acid sequence homology to known functional domains.
219
Discussion
220
ICP1 is a V. cholerae-infecting bacteriophage that appears to be prevalent throughout the Bay of
221
Bengal's coastal areas and is transferred readily alongside V. cholerae into humans during cholera 222 outbreaks in the region [11] . It is becoming increasingly theorized that this region is the source of 223 most if not all global cholera outbreaks [3, 4, 27] , and therefore a better understanding of this 233 genomic conservation is also indicated by the relatively large core-genome shared between all 234 isolates ( Figure 3 ). This conservation is not only surprising due to the amount of time the 235 core-genome has remained stable, but also due to the complex conditions that likely exist in the 236 coastal and ocean environments where ICP1 is competing against a host population that is almost 237 certainly more diverse than clonal outbreak strains. In at least one other study that examined 238 multiple strains of a single marine bacteriophage, Far-T4, it was shown that sequence variability 239 among strains was at least an order of magnitude greater than for ICP1 [28] . In contrast, a study 240 from a less variable environment found that strains of a Y. enterocolitica-infecting podovirus were 241 more highly conserved than ICP1 [29] . However, it must be considered that these environmental 
248
Despite the stable conservation of the core-genome, ICP1 also possesses a diverse collection of 249 accessory genes that have been integrated into several locations around the pan-genome ( Figure 2 ).
250
These accessory ORFs appear to be both single acquisitions as well as integrations of larger loci 251 (Table S2 ). The most notable of the latter is the previously described acquisition of a CRIPSR-Cas 252 system which is used as a weapon in the arms race between ICP1 and V. cholerae [14, 15] Figure S1 ). This could be due to shedding of outdated or detrimental genes,
258
possibly because the acquisition of a CRISPR-Cas system provided enough flexibility to obviate the 259 need for other mechanisms. And although ICP1_2012_A is CRISPR-Cas negative, the other five 260 most recent isolates are positive. It is also possible that this is a regional difference though, and 261 more sequenced genomes will help to determine if this trend is chronological or geographical or 262 spurious.
263
Querying the ORFs against the NCBIs conserved domain database returned several hits having 264 to do with replication, nucleotide metabolism, recombination, endonuclease activity and a few 265 other basic functions (Table S1, S2) . However, what may be most telling is that 80% of all ORFs do 9 of 11 not possess homology to any conserved domain indicating that there is a great deal left to learn 267 about the interaction between ICP1 and V. cholerae. It should also be noted that the annotation of
268
ORFs necessarily requires certain assumptions to be made about similarity cutoffs and thresholds 269 and as such these ORF calls are best viewed as estimates. However, we were conservative in our 270 methods and are confident that the a very large proportion of the calls are accurate.
271
As we advance our understanding of how cholera spreads globally, it will be important to also 272 continue tracking ICP1's phylogeny and genetic composition so that we may develop a better 273 understanding of its co-evolution with V. cholerae and attempt to disentangle the complex molecular 274 and ecological interactions that may play an important role in defining cholera outbreaks.
275
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1 : ORF 276 occurrence trends by year and genome length, Table S1 : Core-genome ORFs pairwise similarity and CDD hits, 277 Divergent Core Table S1 : Core-genome information. The data for each ORF represented in Figure 4 is listed in columns 2 and 3. Columns 4 and 5 contain the standard deviations for those pairwise similarity values. The other columns contain information about putative gene function and conserved domain homology.
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